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At the TeV scale, heavy quarks, for example the 4th generation quarks of the
Standard Model with four generations, can form condensates which dynami-
cally break the electroweak symmetry. A dense quark system may form other
types of condensates which dynamically break the Lorentz symmetry. These
condensates are described by a Nambu-Jona-Lasinio type effective action, sim-
ilar to the quark condensation models in hadronic matter with finite density.
The vacua corresponding to these two types of condensates compete for the
global minimum of the effective potential, depending on the energy scale and
the related strong dynamics. The resultant Goldstone gauge boson may pro-
duce observable effects in relativistic heavy-ion colliders.
1. Quark condensates and electroweak symmetry breaking
The Higgs sector of the Standard Model might have a Landau-Ginzburg
effective description, in which the Higgs doublet is a condensate of fermion
and antifermion. The constituent fermions could be the top quark in the
top-quark condensation models, or technifermions in the technicolor models
(see Refs. 1 for reviews). A new interaction, e.g., a four-fermion interaction
or technicolor, is introduced at the composite scale. Recently it has been
shown2 that in the Standard Model with four generations (SM4), the renor-
malization group evolutions of the Yukawa and quartic couplings can reach
a quasi-fixed point at the TeV scale (ΛFP ), where the Yukawa couplings
become strong enough for the 4th generation to form condensates. This can
be seen by considering a nonrelativistic Higgs-exchange potential between
a fermion and an antifermion
V (r) = −αY e−mH(r)r/r. (1)
By numerical analysis, the bound state condition is found to be Kf > 1.68,
where Kf is expressed in terms of the Yukawa couplings and the quartic
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Fig. 1. (K0 = 1.68) Kq ,Kl are for the 4th generation quarks and leptons respec-
tively and Kt for the top quark. The horizontal dotted line indicates an estimate
of Kf where the nonrelativistic method is still applicable and the vertical dotted
lines enclose the region where a fully relativistic approach is needed. It shows that
the 4th generation can easily form strong bound states while the top-quark (the
lowest curve) hardly can.
couplings as Kf = g
3
f/(16pi
√
λ). The values Kf −K0 for the 4th generation
and for the top quark are plotted against the energy scale in Fig. 1.
To study the strong dynamics of Yukawa couplings in a relativistic way,
the Schwinger-Dyson equation is used to find the critical coupling for the
Yukawa interactions,3 following the strong QED case considered by Leung,
Love, and Bardeen.4 It also leads to the condensates of the 4th generation
at the TeV scale, consistent with the renormalization group and the non-
relativistic analyses. If the 4th generation really exists, the masses of the
4th generation quarks should be greater than 400 GeV, in order to have
ΛFP located at the TeV scale. We will need such a cutoff scale in the next
section.
2. Dynamical Lorentz symmetry breaking
The condensate 〈ψ¯ψ〉 can be considered as a composite scalar and one may
ask: what about a composite vector? The possibility of the bilinear form
ψ¯γµψ developing a nonvanishing vev has been considered by Bjorken
5 and
others.6–9 Some realistic models are also built in the quark systems with fi-
nite density, for example, Langfeld, Reinhardt, and Rho (LRR) found that10
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in the dense hadronic medium, there exists a critical chemical potential µc,
above which the system can have spontaneous Lorentz symmetry break-
ing (on top of an explicit breaking). This new phase is used to explain the
enhanced dilepton production in relativistic heavy-ion collisions. In this sec-
tion we apply the LRR mechanism to the physics at the TeV scale, combine
these models in the SM4 scenario, and focus on the 4th generation quark
(t′), although t′ might be other heavy fermions beyond the Standard Model,
such as technifermions in technicolor models, fermionic Kaluza-Klein exci-
tations in extra-dimensional models, gauginos in supersymmetric models,
etc. The most important property that we look for is if two phases below
‘compete’ for either external (spacetime) or internal symmetry breaking:
Phase I : 〈t¯′γ0t′〉 = 0, 〈t¯′t′〉 6= 0, Phase II : 〈t¯′γ0t′〉 6= 0, 〈t¯′t′〉 = 0. (2)
Phase I is an electroweak broken but Lorentz invariant state, while in phase
II the Lorentz symmetry is broken but the electroweak symmetry is re-
stored. For simplicity we only consider a truncation of the SM4 to one flavor
t′. Our toy model is described by a Nambu-Jona-Lasinio type Lagrangian
from10
LNJL = L0 + Ls + Lint − Ls, (3)
L0 = it¯′/∂t′, Ls = t¯′(−m− µγ0)t′, (4)
Lint = 1
2λs
(t¯′t′)2 +
1
2λv
(t¯′γµt′)2, (5)
where λs = Nm
2
s, λv = Nm
2
v and N is the number of colors. Equation (3)
can be obtained as an effective theory from
L = t¯′(i/∂ − σ + i /A)t′ − λs
2
(σ −m)2 − λv
2
[(A0 − µ)2 +A2i ] + · · · (6)
by integrating out the fields σ and Aµ, where Aµ is Bjorken’s vector field
and σ comes from the truncation of the ‘Higgs’ field Φ parametrized by
Φ = σ + iτapia. The pia-related terms and other kinetic terms are included
in the ellipsis of Eq. (6). In the large N expansion we can use the mean field
approximation at the leading order. Following the standard procedure, one
obtains an effective potential10
1
N
Ueff(σ,Aµ) =
m2s
2
(σ −m)2 + m
2
v
2
[(A0 − µ)2 +A2i ]
− 1
NΩ4
Tr ln{i/∂ − σ + i /A}+O( 1
N
), (7)
November 13, 2018 16:25 WSPC - Proceedings Trim Size: 9in x 6in Xiong˙CPT10arXiv
4
where the trace term is
Ω4
8pi3
∫ 1
−1
dt
√
1− t2
∫ Λ2
0
du u ln[(u + σ2 −A2) + 4ut2A2] (8)
with A2 = AµAµ and Ω4 is the 4-dimensional Euclidean space volume. In
Ref. 10 the cutoff Λ satisfies Λ2 = 8pi3m2s. This relation is quite natural in
the SM4 scenario, where the cutoff Λ is taken to be the SM4 quasi-fixed
point scale, i.e. Λ = ΛFP ∼TeV, and ms is supposed to be the order of 102
GeV. The extrema of the effective potential Ueff yields the gap equation
which can also be obtained from the Schwinger-Dyson equation based on
Eq. (3).
Does the effective potential (7) allow the phase transition between those
two states in Eq. (2)? In fact Langfeld, Reinhardt, and Rho have already
found10 that such a phase transition is possible provided that the chemical
potential µ exceeds a critical value µc. Here we have a similar mathemati-
cal structure, however the physical scale is ΛFP instead of ΛQCD, and the
internal symmetry is the electroweak symmetry instead of the chiral sym-
metry. It is probably easier to understand this scaled-up mechanism if we
consider the technicolor theories as a scaled-up version of QCD. If t′ does
not represent the 4th generation quark but a technifermion instead, one can
readily incorporate the LRR mechanism into the technicolor scenario at the
scale of ΛTC and study the ‘technihadrons’ for the electroweak symmetry
breaking. The effective theory below ΛTC might as well be described by the
same type Nambu-Jona-Lasinio effective action.
3. Discussion
If the Lorentz violation is determined only by dynamical symmetry break-
ing, one then expects that a massless vector appears, e.g., Bjorken’s emer-
gent gauge boson (for a systematic study of spontaneous Lorentz violation,
Nambu-Goldstone modes and gravity, see Ref. 9). The diquark condensates
can be dynamically generated without triggers, as long as the attraction
between quarks becomes strong enough at some energy scale and the resul-
tant vacuum is the global minimum. The LRR mechanism leads to another
possibility: Eq. (6) can be interpreted as the spontaneous Lorentz symme-
try breaking induced by an explicit breaking, since one can always split
µ = µc+µ
′ if µ > µc and consider the µc term as the source for the explicit
Lorentz violation. In this case the Goldstone boson is ‘light’ (compared with
the condensation scale) but not massless, similar to the pion mass in the
chiral symmetry breaking. Note that this kind of Lorentz violation cannot
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be ‘gauged’ away as in some theories with ostensibly explicit Lorentz viola-
tions, since it can modify the vacuum structure and induce a spontaneous
Lorentz violation. It could appear as a new gauge boson and be phenomeno-
logically observable at the TeV scale. In Refs. 11 the dynamics of a massive
vector and its couplings to the SM are studied from the extra-dimension
point of view: a new vector field, originally a part of the higher dimensional
metric, becomes massive after absorbing the brane fluctuations. Such mas-
sive vector also appears in the gauged ghost-condensation models.12 If the
Goldstone gauge boson from spontaneous Lorentz symmetry breaking is a
condensate of some heavy fermions, its properties may be further investi-
gated by studying the Bethe-Salpter equation.
Acknowledgments
I would like to thank P.Q. Hung for fruitful conversations on the Stan-
dard Model with four generations. I also thank J. Bjorken, S.T. Love, and
A. Kostelecky´ for valuable discussions. This work is supported by the US
Department of Energy under grant No. DE-FG02-97ER41027.
References
1. See for example, G. Cvetic, Rev. Mod. Phys. 71, 513 (1999); C.T. Hill and
E.H. Simmons, Phys. Rep. 381, 235 (2003); 390, 553 (2004).
2. P.Q. Hung and C. Xiong, arXiv:0911.3890; arXiv:0911.3892.
3. P.Q. Hung and C. Xiong, in preparation.
4. C.N. Leung, S.T. Love, and W.A. Bardeen, Phys. Rev. Lett. 56, 1230 (1986);
Nucl. Phys. B 273, 649 (1986).
5. J.D. Bjorken, Annals Phys. 24, 174 (1963); arXiv:hep-th/0111196.
6. V.A. Kostelecky´, Phys. Rev. D 69, 105009 (2004).
7. P. Kraus and E.T. Tomboulis, Phys. Rev. D 66, 045015 (2002).
8. A. Jenkins, Phys. Rev. D 69, 105007 (2004).
9. R. Bluhm and V.A. Kostelecky´, Phys. Rev. D 71, 065008 (2005).
10. K. Langfeld, H. Reinhardt, and M. Rho, Nucl. Phys. A 622, 620 (1997).
11. T.E. Clark, S.T. Love, M. Nitta, T. ter Veldhuis, and C. Xiong, Nucl. Phys.
B 810, 97 (2009); Phys. Rev. D 78, 115004 (2008); Phys. Rev. D 75, 065028
(2007).
12. H.C. Cheng, M.A. Luty, S. Mukohyama, and J. Thaler, JHEP 0605, 076
(2006).
